We have evaluated codon usage bias in Drosophila histone genes and have obtained the nucleotide sequence of a $16 1 -bp D. hydei histone gene repeat unit. This repeat contains genes for all five histone proteins (H 1, H2a, H2b, H3, and H4) and differs from the previously reported one by a second EcoRI site. These D. hydei repeats have been aligned to each other and to the 5.0-kb (i.e., long) and 4.8-kb (i.e., short) histone repeat types from D. melunoguster. In each species, base composition at synonymous sites is similar to the average genomic composition and approaches that in the small intergenic spacers of the histone gene repeats. Accumulation of synonymous changes at synonymous sites after the species diverged is quite high. Both of these features are consistent with the relatively low codon usage bias observed in these genes when compared with other Drosophila genes. Thus, the generalization that abundantly expressed genes in Drosophila have high codon bias and low rates of silent substitution does not hold for the histone genes.
Introduction
In most sequenced genes, codons within synonymous groups are not utilized with equal frequency (Ikemura 1985; Sharp and Li 1986; Shields et al. 1988 ). Depending on the organism, this bias has been correlated with variation in either presumed mutational biases or selectional constraints as reflected by local G+C nucleotide composition (Aota and Ikemura 1986; Bernardi and Bernardi 1986; Shields et al. 1988; Wolfe et al. 1989) or with presumed fitness differences among synonymous codons (Gouy and Gautier 1982; Ikemura 1985; Bulmer 1987; Shields et al. 1988) . For example, in human genes, the G+C composition of synonymous sites correlates significantly with that in associated introns, suggesting that relative synonymous codon usage is not influenced by selectional differences between synonymous codons but reflects mutational forces governing local G+C nucleotide composition (Shields et al. 1988) . Synonymous codon usage appears to be determined similarly in other mammals (Aota and Ikemura 1986; Bernardi and Bernardi 1986; Wolfe et al. 1989 ). However, in bacteria and unicellular eukaryotes, synonymous codon usage appears to be determined largely by selection for efficient translation, especially in highly expressed genes (Gouy and Gautier 1982; Ikemura 1985; Bulmer 1987; Shields and Sharp 1987; Andersson and Kurland 1990) .
In Drosophila melanogaster, genes with high codon usage bias have higher G+C composition at synonymous sites than do genes with low codon bias (Shields et al. 1988 ). In addition, no correlation exists between G+C composition at synonymous sites and that in associated introns. These observations suggest that codon bias in Drosophila is not simply the result of mutational biases (reflected by local G+C nucleotide composition) but may be influenced by selection (Shields et al. 1988 ) as hypothesized for Escherichia coli and Saccharomyces cerevisiae. One explanation for how selection may influence codon usage in these organisms and Drosophila but not in vertebrates is that the large effective population sizes of the former allow the slight fitness differences between synonymous codons to overcome genetic drift (Sharp and Li 1986; Bulmer 1987; Shields et al. 1988) .
Two major hypotheses have been proposed to explain how fitness differences between synonymous codons might arise. First, selection drives tRNA abundance and codon frequencies to compatible quantities such that codons recognized by low-abundance tRNAs are infrequent.
Second, there is a "preference" among the codons translated by the most abundant tRNA (Sharp and Li 1986; Bulmer 1987) . Both hypotheses assume that inefficient translation elongation can influence an organism's reproductive fitness. Although these assumptions have not been directly tested, the bias in synonymous codon usage correlates well with cognate tRNA abundance in prokaryotes and unicellular eukaryotes (reviewed in Ikemura 1985; Andersson and Kurland 1990) . Also, more highly expressed genes show greater codon usage bias ("optimization") than do less abundantly expressed genes (Gouy and Gautier 1982; Ikemura 1985; Li 1986, 1987; Shields and Sharp 1987) . Such a trend is also apparent in Drosophila (Shields et al. 1988) .
To further explore this correlation between codon usage bias and expressivity, we have studied the nucleosomal core histone genes of D. hydei and D. melanogaster. In both species, moderately repetitive tandem units each contain five genes, encoding the linker protein HI and the nucleosomal core histones H2a, H2b, H3, and H4 (Goldberg 1979; Fitch 1986; Fitch et al. 1990; Kremer and Hennig 1990) . The genes are coordinately regulated and very abundantly translated, especially during embryogenesis and early development (Anderson and Lengyel 1984) . We have found that the base composition at synonymous sites in Drosophila histone genes is similar to the average genomic composition and approaches that in the small intergenic spacers of the histone repeat. In addition, rates of synonymous substitution are relatively high-and codon usage bias is relatively low-compared with other Drosophila genes. These data do not support the hypothesis (Wells and Herrmann 1989 ) that codon usage bias in these highly expressed genes is optimized by selection for translation efficiency.
Material and Methods

DNA Sequencing
Drosophila hydei histone repeat plasmid DNA (pDhH5. l-la; Fitch 1986) was purified in two CsCl-ethidium bromide isopycnic gradients (Maniatis et al. 1982, pp. 93-94) . Chemical sequencing was performed according to a method described elsewhere (Chang and Slightom 1984) . Dideoxy chain-termination sequencing was performed on double-stranded template by using T7 DNA polymerase (Sequenase, version 1 .O) according to recommendations of the manufacturer (U.S. Biochemicals). Primers were synthesized by using an Applied Biosystems synthesizer and were based either on the highly conserved sequences (Wells and McBride 1989) of the D. melanogaster Low Codon Bias in Drosophila Histone Genes 399 genes or on seq uences obtained from earlier sets of reactions. All of the sequence except positions 3 105-3 199 (within H4) was determined from both strands.
Sequence Alignment and Analysis
Coding sequences and flanking conserved regulatory elements were aligned by eye, on the basis of alignments of the very highly conserved open reading frames. For the H 1 genes, occasional stretches required gaps to improve the alignment, implying that some differences were due to frameshift changes. The very low level of interspecific sequence similarity in most regions of the intergenic spacers precluded a meaningful alignment.
Nevertheless, alignments were made by using a dot matrix approach to identify possible conserved elements (EMBL accession no. DS8200). Similar alignments were independently obtained by Kremer and Hennig ( 1990) . Synonymous and nonsynonymous sites and corresponding base compositions were determined according to the method of Nei and Gojobori ( 1986) , except that initiation and termination codons were excluded. Divergences between histone genes were estimated from numbers of synonymous substitutions, according to the method of Li et al. ( 1985 ) or Lewontin ( 1989) . Intergenic spacer divergences were determined by the method of Jukes and Cantor ( 1969 ) and counted indels (gaps) at single positions as single events, regardless of length; these divergences were consistently larger than those obtained (data not shown) by the two-parameter method of Kimura ( 1980) , which does not consider indels.
Codon bias was calculated according to methods described elsewhere [i.e., relative synonymous codon usage (RSCU) and codon "adaptation" index (CAI); Sharp and Li 1986; Shields and Sharp 1987 (x2/n); Shields et al. 19881 . The CA1 was originally designed to measure how similar a particular codon bias pattern is to a reference pattern of genes that are "very highly expressed" (Sharp and Li 1986) . Because CA1 is actually based on codon bias and is unrelated to actual measures of fitness or expression, CA1 is just a measure of bias similarity; the higher is the bias in the reference set, the more discriminating is the index (D. H. A. Fitch, unpublished data). A computer program, CODEVOLV, used for most calculations presented in the present paper, is available by sending a formatted IBM DOS-compatible 3.5-inch or 5.25-inch diskette to D.H.A.F. (specify whether you have a math chip).
Results and Discussion
Comparisons between Drosophila hydei and D. melanogaster Histone Repeat Units Kremer and Hennig ( 1990) published the nucleotide sequence of a histone gene repeat from a different D. hydei strain. Genomic blots show that the histone gene arrays in both strains contain two major types of repeats that grossly differ in the presence or absence of a second EcoRI site (Fitch 1986; Kremer and Hennig 1990) . Since the repeat of Kremer and Hennig ( 1990) lacks this second site, and since our repeat bears this site in the H4-H2a intergenic spacer, these clones represent these two major repeat types. We refer to the sequence of Kremer and Hennig ( 1990) as "Dhy 1E" and to our sequence as "Dhy 2E," to reflect this difference. Hybridization matrices show that the patterns of histone gene organization in D. hydei and D. melanogaster are colinear (Fitch 1986 )) despite a high average sequence divergence of 45% + 0.2% (corrected for superimposed substitutions; Jukes and Cantor 1969; Kimura and Ohta 1972) . The nucleotide sequence alignment (not shown) shows that the size difference between Dhy 2E (5.1 kb) and D. melanogaster repeat Dme S (short) (4.8 kb) is due to differences in the sizes of each intergenic spacer (table 1) . The D. hydei-D. melanogaster sequence differences within each spacer (table 1) approach those expected for random sequences (Doolittle 1986, p. 5) . Conserved segments are nevertheless apparent in these spacers; most define known regulatory elements (Kremer and Hennig 1990) . The D. melanogaster 5.0-kb repeat [ Dme L (long)] differs from the 4.8-kb repeat (Dme S) by a 244-bp insertion of a tRNA-related element (Matsuo and Yamazaki 1989b) into the large H l-H3 intergenic spacer; this insert is absent in D. hydei. In the Hl-H3 spacer, the amount of interspecific identity at shared A+T-rich positions is 77%, notably higher than the overall identity of 51%-52% in (Goldberg 1979) ; over regions with missing data, estimates were based on the Dme L sequence.
' Values are based only on shared positions and include not only substitutions but also indels, counted as single events at single positions, regardless of length.
d The difference between Dme L and Dhy 2E at shared positions containing A or T is 23%, much lower than that for the total spacer.
' Divergence values were corrected for superimposed substitutions according to the method of Jukes and Cantor ( 1969) + SD determined according to the method of Kimura and Ohta (1972) . this spacer. This relatively high identity may be due to the conserved A+T-rich tracts that encompass at least one of the scaffold-attachment regions in the D. melanogaster spacer (Mirkovitch et al. 1984; Gasser and Laemmli 1986) , although the proposed element itself is not highly conserved in D. hydei. We suggest that the combination of these conserved features indicates a functional role for some sequences within the H 1 -H3 noncoding region. Nonsynonymous positions in regions coding for the nucleosomal core show very few differences (&; table 2 ). This result is not surprising, since these proteins, especially H4, are among the most conserved proteins known (Hunt and Dayhoff 1982) . However, there is considerable divergence in the linker histone, H 1, at both the nucleotide level and the amino acid level (table 2) . The 69 replacement differences are not randomly distributed;
the largest conserved stretch is also conserved across large phylogenetic distances (Wells and McBride 1989 ) . The H 1 genes of D. hydei and D. melanogaster also differ in size by six codons (table 2) and several frameshift differences.
Base Composition at Synonymous Sites
In a survey of D. melanogaster genes, Shields et al. ( 1988) found considerable variation in (G+C)s, i.e., the G+C composition of synonymous sites. Unlike the situation in vertebrate genes, (G+C)s in D. melanogaster does not correlate with either (G+C)i, i.e., the G+C composition of introns, or (G+C),, i.e., the composition of nonsynonymous sites. However, (G+C)s in D. melanogaster genes correlates significantly with the degree of codon bias (Shields et al. 1988) . Genes with higher codon bias have higher (G+C)s than do genes with less codon bias (table 3) . The (G+C), in more highly biased genes also differs more from both the (G+C), and (G+C), in the same gene than in genes with less bias (Shields et al. 1988) .
In histone genes of both D. hydei and D. melanogaster, (G+C), values are lower than the average for low-bias D. melanogaster genes and differ greatly from the average value for high-bias genes (table 3) . Furtherrnore, ( G+C)s values are close to (G+C), values (table '3) and approach the composition of the intergenic spacers (table 1) . From another viewpoint, the (G+C)s values of histone genes from both species are close to the presumed equilibrium composition of their respective genomes [ 40% and 44% G+C for D. melanogaster and D. hydei, respectively (Hess 1986; Shapiro 1976) ]. Histone gene (G+C)s values in both species approach the average (G+C)i of D. melanogaster introns, -37% (Shields et al. 1988 ). In fact, ( G+C)4, the composition at fourfold degenerate sites, is slightly lower than (G+C)s in the histone genes (table 3) . Since fourfold-degenerate sites are probably under less constraint than are twofolddegenerate sites, which are included in the (G+C)s value, this result suggests that G+C composition tends to approach the noncoding average composition when constraints are relaxed.
Codon Usage Bias in Drosophila Histone Genes
In an analysis of codon bias in D. melanogaster, Shields et al. ( 1988) excluded genes encoding proteins with highly biased amino acid compositions (i.e., with high representation by one amino acid). However, such bias constitutes no a priori reason for excluding sequences that have significant representation of the other amino acids (e.g., if the sequences are long enough). Also, the metrics used in both their study and ours are relatively insensitive to differential representation among different synonymous codon groups, as long as each group is represented by a reasonable number (Moriyama and Gojobori 1992) the subgenera to which, respectively, D. hydei and D. melanogaster belong (Throckmorton 1975). t Mean value, from comparisons between five group II genes with moderate to high levels of synonymous substitution and from species of subgenera Sophophoru and Drosophila (Moriyama and Gojobori 1992) .
" From a comparison between the P2-tub&r genes from D. melunogasfer and D. hydei, representing the group III genes with very high levels of synonymous substitution (Moriyama and Gojobori 1992). of codons. Because expression and function of the histone genes are coordinated, and because separation of the coding regions by intergenic spacers is somewhat analogous to an exon-intron arrangement, we have considered them as a single functional unit for measuring codon bias. Several frameshift and nonsynonymous differences have occurred between the D. hydei and D. melanogaster Hl genes; associated shifts in codon usage would reflect these mutational differences rather than possible fitness Shields et al. (1988) to have high, medium, or low codon bias, depending on their rank in a correspondence analysis of RSCU values.
b For calculating w,, a value of 0.50 is arbitrarily assigned to the observed usage of codons that are not represented in the high-bias sample, as suggested by Sharp and Li (1987) .
c Codon was eliminated from calculations of the codon-bias indices.
405 406 Fitch and Strausbaugh differences between synonymous codons. Codon bias is therefore presented only for the highly conserved core histones, but not for Hl.
Codon bias in the core histone genes was measured first as the degree to which the frequency of codon synonyms differed from equality. RSCU values ) for each codon were calculated (table 4) . The RSCU value for each codon in the histone genes can be compared with that calculated for the same codon in other Drosophila genes, since RSCU values are insensitive to either length or amino acid composition differences (Sharp and Li 1986) . Table 4 shows that the codons of the core histone genes of both species have RSCU values that are closest to values from the medium-or low-bias genes of Shields et al. ( 1988) . Consistent with decreased bias in these genes is the observation that, although D. melanogaster genes usually "prefer" SSC-type codons over their SST synonyms (Shields et al. 1988) , T-ending codons in the histone genes are about as frequent as their C-ending synonyms (table 4 ).
An index that measures average codon usage bias over an entire gene is x2/n, i.e., a x2 statistic calculated for deviation from equal usage of codons within synonymous groups that is divided by the total number, n, of codons in the gene, less Trp, Met, and termination codons (Shields and Sharp 1987; Shields et al. 1988 
In determining
whether codon bias is due to selectional forces or mutational forces, the x2/n value is of limited use, since both types of forces could cause nonrandomness of codon usage at quantitatively similar levels. Even genes with "low bias" (table 4) are significantly biased from equal usage of synonyms (G = 1,006, df = 4 1, P < 0.00 1). More likely than not, however, qualitatively different sets of codons would be favored by the different forces. We have calculated the CA1 Li 1986, 1987) to measure the degree to which synonymous codon usage bias is both quantitatively and qualitatively similar to that of 15 highly biased D. melanogaster genes (Shields et al. 1988) . Using this index, we find that the core histones from both species have codon biases that are qualitatively and quantitatively most like the D. melanogaster genes with the low or medium RSCU bias (table 5 ) .
Last, codon biases of the D. melanogaster and D. hydei core histone genes (Dme L and Dhy 2E) were compared in a goodness-of-fit test, by using the null hypothesis that histone gene codon bias was the same in both species. Histone gene codon biases between the two species are significantly different (G = 120, df = 39; P < 0.00 1: two codon classes, GGG and TGC, were excluded because their expected frequencies were c1.0).
Rates of Synonymous Changes in Drosophila Histone Genes
Because Drosophila histone genes demonstrate comparatively low bias in codon usage (possibly because of relaxed selection at synonymous sites), we predicted that they should have high rates of synonymous changes. We estimated the numbers of synonymous changes occurring between Dme L and Dhy 2E by using two methods ( Li et al. 1985; Lewontin 1989 ) that assume different evolutionary models to compare and evaluate the robustness of the estimates. When the first method (Li et al. 1985) is used, the KS value for the concatenated core histone genes of Dhy 2E and Dme L is 1.17 k 0.12 (tables 2 and 6). For these genes, &, the number of synonymous changes per fourfold synonymous site, is not significantly different from Ks (tables 2 and 6). In the second method (Lewontin 1989) , the number of changes occurring per codon is estimated by assuming one of several different models. One model assumes that the equilibrium proportions of synonyms within a codon group equal the average codon usage observed between the two sequences. This model is inappropriate for the histone genes because the codon usage bias is significantly different between the two species (discussed above). A second model uses an assumed transition / transversion bias to calculate substitution probabilities.
We estimated the ratio of transition / transversion probabilities (Ps/Pv) as the observed proportion of transitions and transversions at all sites (Y T; table 2) or at fourfold synonymous sites ( r4; table 2). This model is insensitive to a range of transition / transversion probability ratios ( Lewontin 1989 ) . The numbers of synonymous changes per codon that are estimated from this method were converted to K's values (synonymous changes per synonymous site) by using the number of synonymous sites calculated according to the method of Li et al. ( 1985) . When the second model was used, the K's value obtained (with 95% confidence limits) was 1.20 (0.87-1.72)
where Ps/Pv = rT = 1.83 and was 1.17 (0.87-1.68) where Ps/Pv = r4 = 1.11. The K's and KS values are not significantly different.
Conclusions and Speculations
As in unicellular organisms, genes for very abundant proteins show a high codon usage bias in Drosophila (Shields et al. 1988 ). Also, pairs of genes with known differences in relative expression levels differ in codon bias such that the more highly expressed gene has higher bias (Shields et al. 1988 ). This trend suggests that change at synonymous sites in highly expressed genes may be constrained in D. melanogaster, presumably by selection for translational efficiency (Shields et al. 1988 ). The nucleosomal core histone genes of D. melanogaster and D. hydei stand in contrast to this trend. Evidence presented herein suggests that evolutionary changes at synonymous sites in these abundantly expressed genes are under constraints similar to those in genes showing low codon bias. The G+C composition at synonymous sites is considerably lower than that in genes with high bias-and often is lower than that in genes with low bias (see Shields et al. 1988) . At these sites, the composition is similar to the species' average genomic equilibrium value and approaches that of the intergenic spacers. Core histone codon usage is qualitatively and quantitatively more like that in low-or medium-bias genes than like that in high-bias genes. Last, the number of synonymous changes between D. (Sophophora) melanogaster and D. (Drosophila) hydei histone genes is relatively high when compared with that in other genes shared between species of the same two subgenera.
The observations that we have made for the histone genes are consistent with the general trends observed in these species-i.e., that the rate of synonymous change is inversely correlated with both the G+C content at synonymous positions of codons and the degree of codon bias Moriyama and Gojobori 1992) . In a recent study ( Moriyama and Gojobori 1992) ) the KS values of genes in a comparison of species belonging to the same subgenera suggested that these genes could be placed into three broad groups on the basis of the level of accumulation of synonymous changes (which should nevertheless be recognized as a continuum of values). The KS for the concatenated core histone genes of Dhy 2E and Dme L (table 2) is slightly greater than that for the engrailed genes (intermediate codon bias), is 60% greater than that for the high-bias Hsp82 genes (see Shields et al. 1988 ) , and is closest to the mean KS of the "group II" genes with moderate to high levels of synonymous substitution ( Moriyama and Gojobori 1992 ) .
The high rate of synonymous change in the nucleosomal histone genes is even more striking in light of their very low rate of nonsynonymous change compared with that in other genes (Li et al. 1985) . Rates of synonymous change are often lower in genie regions with lower rates of nonsynonymous change than they are in regions with higher nonsynonymous rates (Lipman and Wilbur 1985; Schaeffer and Aquadro 1987) . This trend is also evident among the histone genes; H4 is the most conserved (there are no nonsynonymous substitutions between D. hydei and D. melanogaster) and has the lowest synonymous substitution rate. In a comparison between D. melanogaster and D. simulans, divergence at synonymous sites in the H3 gene was found to be greater than that in the Adh gene (Matsuo and Yamazaki 1989a) , which has a nonsynonymous substitution rate considerably higher than that in the histones (see Schaeffer and Aquadro 1987 ) . These results suggest that the synonymous rates in Drosophila histone genes are high for such conserved proteins and that codon optimization is probably not a major determinant of codon usage in these genes. Either the rule that codon usage is optimized in highly expressed genes is not generally true in Drosophila, or else the histone genes represent a special case. Here we present several arguments in support of the latter.
Tissue-specific or stage-specific tRNA pools could pose a selective constraint on codon usage of genes expressed at high levels. Such a case exists in the silk gland of Bombyx mori, in which fibroin and sericin are abundantly expressed and preferentially utilize codons recognized by abundant tRNAs (Garel 1974 ). However, D. melanogaster does not show major changes in relative tRNA abundances during development (White et al. 1973 ). Regardless of whether limiting tRNA pools occur in some temporal or spatial compartment in Drosophila development, we favor the interpretation that histones may escape such constraints, because of their somewhat atypical translational environments.
Histones are rapidly and abundantly translated early in embryogenesis (Anderson and Lengyel 1984) . The very high level of de novo synthesis of histones during this period reflects ( 1) the requirement of histones and DNA in equal mass to form chromatin, (2) the extremely fast rate of DNA replication in the Drosophila embryo, a rate that is among the most rapid in any eukaryote, and ( 3) the lack of maternally stored histone protein (Anderson and Lengyel 1984) . While effects due to selection on codon usage would be expected to occur at this time of maximal translation, it is unlikely that codon optimization plays a role in this environment. Early embryos are packed with maternally derived components for protein synthesis (Davidson 1986, p. 75 ff.) , and we speculate that tRNA pools are not sufficiently limiting at this stage to have noticeable effects on translation efficiency. In Drosophila, the histone genes expressed during early embryogenesis are the same ones expressed during S-phase of the cell cycle (Hampikian 1990 ). Expression of most other genes is repressed during S-phase (Edgar and Schubiger 1986) . We speculate that histone message has relatively little competition for protein synthesis components at this time and that tRNA availability may not be a limiting factor for cell cycle-regulated histone translation (see Davidson 1986, p. 77 ff.) .
The absence of selective constraint at synonymous sites is further supported by a possible correlation between G+C composition at these sites and the chronology of histone gene replication. Replication of the histone genes in D. melanogaster is restricted to the last fifth of S-phase (Grell 1978) . During S-phase in mammalian cells, the pools of precursor nucleotides change from being abundant in G+C to being A+T rich (Leeds et al. 1985) . Synonymous sites-and especially fourfold-degenerate sites-are much more AST rich (especially T-rich) in the histone genes than they are in most Drosophila genes (table 3; see Shields et al. 1988 ). If the composition of precursor nucleotide pools changes similarly in the Drosophila cell cycle and influences mutational direction, as has been proposed for mammals (Wolfe et al. 1989 )) then the codon usage of Drosophila histone genes would seem more likely to be determined by mutational forces than by selection for translational efficiency.
Alternatively, selection pressure for translational efficiency may be just as great on the histone genes as it is on other highly expressed genes, but genetic drift may be greater. One genetic process that probably accelerates genetic drift and that is unique to duplicated and tandemly repeated genes is concerted evolution, in which repeats do not evolve independently but often share derived changes Dover et al. 1982) . Both the D. melanogaster and D. hydei histone genes are tandemly repeated and demonstrate concerted evolution (Lifton et al. 1978; Coen et al. 1982; Fitch 1986) . Rapid rates of concerted evolution are indicated by the high similarities between paralogous repeats within each species. In a study of one D. melanogaster population, Matsuo and Yamazaki ( 19.89a) found that interchromosomal divergence between histone repeats within a I-kb segment (5' end of H4 through H3 and part of the large intergenic spacer) was approximately two to six substitutions. If we assume that this segment is representative with respect to substitutions, we would predict lo-30 substitutions over an entire 5-kb repeat. Similar comparisons from another D. melanogaster population reveal even greater levels of differences between paralogues (M. Bourke and L. D. Strausbaugh, unpublished data). Also, strains of D. melanogaster often differ in the presence, absence, or relative abundances of repeats with sizes of 410 Fitch and Strausbaugh 4.0-5.5 kb (Strausbaugh and Weinberg 1982) . The two D. hydei histone repeats compared in the present paper represent the only two different types of repeat to be distinguished so far in this species (both types being present in the two strains represented). They differ by a total of 56 substitutions plus indels and, in length, by only 8 bp. Because divergences between paralogues within these species are similar, rates of concerted evolution at the histone loci are probably similar in these species.
Concerted evolution (e.g., through gene conversion) has been implicated in causing both repeat identity (i.e., "homogenization" by conversion across an entire repeat sequence) and a greater diversity of repeats than would be possible by mutation alone (i.e., by conversion across small segments of divergent repeats) (Dover 1987; Basten and Ohta 1992) . Together, these homogenization and diversification processes probably lead to rapid rates of fixation of different repeat types at different times, a process often referred to as "molecular drive" Dover et al. 1982) . We speculate that, in their genetic context as a tandemly repeated multigene family, Drusophila histone genes probably undergo fundamentally different evolutionary dynamics than do nonrepeated genes, such that increased rates of genetic drift through moleculardrive mechanisms may swamp out effects of small fitness differences among synonymous codons.
As another alternative, selection may actually result in increased diversification of codon usage. This might be the case, for example, if histone mRNA stability or function requires a particular compositional balance (Huynen et al. 1992) , or if homonucleotide runs were disadvantageous. We performed a statistical test (the "NT test" of Perrin and Grantham 1988) to determine whether such runs were significantly avoided or prevalent in the nucleosomal histone genes. Whereas runs of C's and T's are not significant, runs of G's are avoided [ 2.4 standard deviations (SD) from the expected probability], and runs of A's are prevalent (by 4.9 SD from the expected probability).
The runs of A's may be due to the high percentage of lysine residues in the histones (codons AAA and AAG). The avoidance of runs of G's is reflected in the lack of GGG (Gly) codons. Thus, selective forces acting at a level other than tRNA-codon recognition may have resulted in the low codon bias observed for Drosophila histone genes. This hypothesis, however, is weakened by the high rates of change at synonymous sites. In conclusion, the histone genes are an exception to the rule that codon selection in abundantly expressed Drosophila genes is optimized for translational efficiency (Shields et al. 1988 ). However, by being an exception to the rule, the case of the histone genes emphasizes the importance of considering the complexity of genetic and developing systems in generalized models.
Sequence Availability
The complete Drosophila hydei histone repeat sequence reported in this paper (Dhy 2E; fig. 2 ) has been submitted to the EMBL data base and has accession number X52576. The alignment is also available on the EMBL file server by sending to NetServ@EMBL-Heidelberg.DE a mail message that includes the line GET ALIGN: DS8200.DAT.
